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COMPRESS A FLUID VIA A COMPRESSOR OF A GAS TURBINE '/_ o6
ENGINE

--------------------------------------------------------------------------------------------------------------------------------------------

DIRECT BLEED AIR INCLUDING THE COMPRESSED FLUID FROM 58
THE COMPRESSOR TO A COMBUSTOR OF TURBO GENERATOR r/-

COMBUST FUEL VIA THE COMBUSTOR WITH THE RECEIVED o(
BLEED AIR TO GENERATE ELECTRICAL ENERGY VIA A /—
GENERATOR OF THE TURBO GENERATOR




US 11,015,476 B2

Sheet 4 of 11

May 25, 2021

U.S. Patent

- - . . - - o4 -
R __.} o + ._.: lh..__ .-i_._. -, .-..L .1.......-_ * - "
LN I PR - w Fx ‘u'w A W .
e » & SR N PR T ] .
-k K . P a -k T s o
o L N [l ] 3 AR
" .
e
LI |
- m
s
™
. - - N .
) = .-.I l.‘_l.-.. l“ a .l.": PP
S ) ._.-_rl....-. “. .-.Hn-.n e
L] - = .-..w -....-.___ L -4
S
»
-
e
F
-
S
" -
.. . wr ¥
- " retaa o R S
- a w T n R Lk - »
o ] ¥ A EF®a a * o . '] o
. . .-
. “n AL Ty AR T -....I.- r.R . *
- »
-
u
T,
- L
» ¥
b Ll Loy g -
» Boa o w T .....r.._..r.....r....r....Tt.tt.rt.r.rtt.r.rt.r.rt.rl! "
» IERERE R e .-.v.-_.-_.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r .,
» ¥ v
'1 i‘
| ] L]
r * ¥
» ¥ * ¥
T'.__..___.____.____..___.____.____..___.__r .._—_.__—_.__—_.._—_.__—..___...__..__—..__. L .-.- -.1
F o) ) -
. » N
. - N
- ) -
o * N
o~ » "
“a 3 *
4 4 = 4 o om o i.-ul A 4 & &2 = & & = a @ * -.1
1, Bk ko kol ko .rrrrrrrrrr-.. » o
.
) - » "
EaL -. . L]
e * [y *, v
o e l...l.._.-_..._.-.....r...-..._l"lnl.-. ¥ H. i”
A
S K . .,
- -. > A
l._n.._n...“.-.__..................rl-.lllllll.__-. .-.. -.___
- . ok PRI Y - .,
.
L] u L]
. » -
- ] L]
- - "
3 »
: :
.
[} & &
- [l
- »e L)
L] . - m aa N A N B I I A IR N | .._.-.._..__.__.i.__..__...n ]
TEFEF B- A EEFERR -_. .__. s e ek wm o N e R e TR e e e A A we e b i s e r kbbb s kR kb bkl BE RRRRRER PER ' FRREE - i‘_
ALl el il FORCRCRE ] T [N . . . . . . . - . .,
.
.. e e - » »
4 . frr e " v
d L -.1
) ._-."m *
3 . i v
- » "Lt N
w r ll & ' .i' iI
. » 13 -
e .3 . e e e . . F »
-, .
i ™ xm, . b ......r.._r.__—.__r.._l-..r.__rt-lnl-l- -l-l- .-." -.”
v .
% ; o : * ‘N i * *
% b . .... ltiﬁtttt.tttttm - . A
- " ar
. » [} ¥
! " .. ___ . "y ¥
SR
7 LA .. r .-_t....r....r....-n.r....r....._....__....._..r . N o
1 - 'y “-_ “ e e T T .-_“. .in .__.L_ -.” __..__.rl. b v —..rl. ....”.....
» n ] » » » » " a ~ta o
v g T ) .._ g o b - L Sl .ﬂ L
I-. .-_.-. i L ) ... E_._. > .-.-_ -.1 =T l...II. [ » a7,
* .r....v.r.t.._ e e g e e e
w-. " I e T T —_.__._..__.—..__.—..._.—..__.—..__.—_.._.—_.__.—_._..—_I_..-.—..-.—..r—..r—..r_..r_..r_..r_...r - .r o S I TR S S i R e .r.._.-..__l_.-.-_.._.-..-l_.__.-_.-.-..__l_.-I}t}.r}.r}.r}.r}.r}.r}.r}.r}—._.__ VT —_..___.__-..__.”l ™ - I l I .._ .__. b .._. " .__. R .__.IH Al ” I “H “” H" ””
r . .
¥ M . » ... - . ] "
7 - ¥ "n 13 » » » ¥
L 4 T - L] ... + " L r
e - [ ] » 4 L a m ma o oa s »
* X ) " .._ e » ;! ¥
. - .
. - e e e e
l.‘. l.-. ...n .r.._.__.__—_.__—_.._—_.__—..___...__..__—..__-. ._.-_ i ... .-_! = I 1!.. .-.- -.1
] A o . R » _- - -
- . - X . .... i ._-ﬂt...___..._....._._...___..._.. PR _-___..1 PR, ¥
L 3 - .I... - ... L] "
- . ¥ 13 K ¥
li. ' ...l .-.l. I-_ .. i.... L | 1.- 4 _a_4 ik .
* - + "~ . .-..r.r.r.r!.r.r.r.r.r.r.rl.- o S
- .
% i oot - i
el vt '....r.rl_-_ . ¥
¥ ¥ -
r 3 . »
* . "
. - » .
. i -
h” i gy, Sgiiggiier Sggigigr o
L 3 "
- r EPaPate. atatetel- aPalabal walatals waatahs - PePatey SaPaPels L]
'y r - wpaluret i "
“ L LA ) L]
r . N ¥
X l-._.-......1.1i.r.l.r.!.l.l.r..r.r..r.r..r.r..r.r..r.r. -.‘
[ Pl PR r e R r e e r e rr R
“ . r .._rl.__..__.........r..r..r..r..r..r..r..r..r..r..r.r.r.r.r.r.r.r.r -
T .
% " o, x
. n
R
- & * "
2 . - - .
. - . ) . o |
- A . . . o . .-.'
I‘. + - bl L]
g . W “-_
- . . . A e e e Al » A= e s W a momm . . - moan I N N R N N N R N LN A A
l."..-.lr.... s o T T UL T B R Y PR T JC TE T T T DR FE TE NE TE TE T R I R R R N I R R N I IC I I I I N N R R A A L R I ‘e r e et 2 Trr i I S S A I PR T FE e
' " - S A
» L 3 | g L
T - - .-
» & [ 13
" - - ra
x . i i
._.____ ..mqr ' o LJ
., [ [} SaSatats. L . . L . L [ [ o ] L. . . ] SaSaSais L . . L . . ) L ] L . . L . . . [ eSS, L . ] ..i ~ ..-_I L . . L . . L . . o ] L o ] SaSatals b . . b . . L . . L o [ o Lo o o ] [ ] L . . ] b . ]
. - - a -
» i [} * P T o .._.__.__.._.__.__.._.__nnnnnnnni.r.r.r.r.r.r.r.r.-_.-..-_.-_.-..-_.-_.-..-_.rk
.-_” iy ‘s .v._..-.lr.lirl.lr\l_..l\r.r.r.r.r.r.r.r.r.r.r.-_.-..-_.-_.-..-_.-_.-..-_.r.r.r.r.r.r.r.r.rt-rn.rn.rn.rn.rn.rn.rn.rn.r.._._.__._.__r.._._.__r.__.._r.__._.__r...-.lhlhl.-.lhlhl.-.lhlhl.-..__r.__'.._.__.__.._..........n..n..n...................................lll. o L
. - Lo . ' ' ' .
» [} o e W
.-____ M - [ [P — [ S S POt P S SR W S S S P U R R A i i i i iy P sy ..-_l.__..__..._..._. .L-..r.r.r.-_ .
e e e e e R A A A R R A e e e e e e e e e e e e e - i L A AN R LA AEL L AL Ea ' ' ' ' r » - M ] ‘2 g . .
S T S T e e N e T - - [ X - b a. [} a . - 5 .
- - [ ' - IR . r a1 » ]
) - [ a [} LS b raa = - M - -
- » . R r . [ ¥ a » a
[ * [ ] [ - - ra P * r
- - '] Ea . . [ » . » ]
- ] [ ] [} - » . - a R - - .
- - [ ] L r L] L] - L L | & L]
L 3 * [ 5 - ) ) - a . [ - -
- » . . ¥ . * » ¥ M » []
X .-.. rl. s A m m mam oo m e * +, -.. "M s .-_s_ "a -
- s . r L T T T S T i - ., o | 3 > . .
- . . -
[ . C .
& * " . . * - o e e
- .I.I-...l..-_l. T *, -_l S * *, -.. h " .
FOE e R ¥ A n . » ] 13 » .
) ] W h . [] " - .
. ¥ P ) » » ] ] » .
- [ s . - » - 4
. ¥ A n . » ] 13 » .
- ] P . ] - - F
. ¥ A x - » Y 13 » .
- ] Ak . * ) - .
= L] * k. B * * ] L] *
- [ Tk . ] - - 4
L] L] & B L L] L] L] L] L
- - P . [ » - ]
. L] L] 5 k. & L] L] L] L] &
- - s . ] " - F
. ¥ AN n - » ] ] » .
L] L] L | h L] * l. [ ] a a
. ¥ A * ¥ . [ . h ¥ a4 .
- - aw Tw . M . . a [ A a .-. " . » ™ - . a "
= L] % B L ] L] L] ] - * * - a - ] L] AL .' * L ] L] -
'l " .ln I.. .ll ..I I-. ‘l Il -.| .". .l! .|i.n i. li.. 'I ll .l.n * . . » - . .'n Ill -
. . . ___.............. .-.-.. .__.....__....._....__....__.__.._.__.__.._.__.__.._.__Illlllll.__.__.._.__.__.._.__.__.._..1.1.1.1|__.l. e e W e e e TR ..!.rl...-_.l. - __l..__ .-_..1..1..1..1.-.._1..1..1..1.-.-. L R -_.-_.-..-_.-_l.".l..-..-..l.-..-.l. SRR .-..-_l-
- .__r.__nnn.ln.r.r.r.r.r B et PP Lol Sl e e i i ) ST EEEEEELE ST . v
.
L] L]
. ] .
L] L]
. - .
‘l "
L] L]
. .
L]
L 3
*
.
. L]
.
. W s s L '
- T ot T i L
.
_ :
L] 4 o koo & ....-.I.--l-.-.l.-.__.._.__.__.._................................................._.......
. ..__.._.__.__.._.__.__.._.__ll!ll!ll!.__.._.__.__.._.__.__.._.__.__nnnnnnnn.__..._..__..__..._..__..__..._..__......-_.-_.-..-_.-_.-..-_.-_.-..r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.rh e T R U N N e )
bk e e de de de de ko de .-..r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.rr.rr.rr.rrl.-.-..!!.-..!!.-.l"
..-.... NN e N R e e .-_ .-_ .-. -,

* e e e Y
- e LT TR,
. . -
- e AT »
- o I T S S S e
i- . L N A LI . &, .__. -, P A L .-... .1I '-
- . r ™ -
* .-.+ ! "
-
. “r -
* - ¥
- P [ ]
L] b ora L]
- A ] -
- s L] L)
= L | ] LI
. ' . o
. . . . e R R PR R SEE e me s s M a
. atat .-..__l.__l.._l.__l.__l.__l.__l.__l.._l..- .-_ I N r| .....i.l. - ._. .... .-.. .... .... .-.. .... .... .-.. e T L T S T .r....r....r....r....r....-_- .i.I.l.-.ll.l.-..._T.-_ ll.ll.ll.ll. ...-- [l taif .-- Pt .-.“ “._. - .-". - ..-_.—. g - ”-
‘l .'1 '1 ..I ' .ln '. 4- : -". ‘l l- - f- iI .‘n .'.1 l’ ..‘n .'n l.n ll
- . . a i wm w .- . - - - r [y - ' - ' - '
- il..-.. » ¥ S X w R . . . . ] » .
- '3 '3 PR I . * - .
L] » L] LN ] L L] L] L] & L]
- ... 3 3 R W - [y - A ¥
.- 2 . » v LA . o T ¥ "
.- _-l-.lllm _-.. . ¥ LR . . i * X
M . . -
.- . .___.__. g .4# ¥ v ww ¥ K] i ¥ .
.- - PR A v LA . M T ¥ pe
. ¥ ¥ ¥y o * " 3 »*
- - - e T - . - s .
3 » ¥ P . " 13 »
. ! o P - " “n » *
- . . I . " - . . B s ol
- ¥ AN ¥ . i o " ettt
» _-_._._—__._.__.L- » et s P - . 13 - .
r LI - .-_1 .-.._. ._.- .-_. .-_- ,._n el .-_.-. 1-
- - » - a4 A 4 . . JFer At » [l
x a o IR N .l....hl.t.!?.t!.tt.rt.r.-..-_li.-_ll. . A o a o e
N . - % » .. ) . -
.1” o * .__" .....-..-.In.l”. ”i ”- o~ - ”. w “a e “a
. . . . - A -
T wx I . ¥ . - ) % .
- . L . .
X lll..rl..-.lill.___ 'y .-.. ._..l.-. ri. - il “ * ™ e .-_-_ "2
\l. li. L " - .". l- ] . il .'n 1‘.; . . . .'I li
r * * u u N y .-"_ * ra < - o o
- Ll [ - - a LI s ERE T ] - i A a 'l
R = [ Y ] -_._.lllllll._..__..._..__..__..._..__..__..l.l.r. | Ao | [ S ' » R
T T T T T N BT I .__._n.__.__r._..__ - ._..._ .__ - .._ l S A A ....rr.._.-.... » L N LN e e aatant ni ni' el
. e
L S . LECRE N B NC R NN N B A N K O Y A O B N .__.._.__.__.._nnlnnlnnl.__..__..._..q.!.l.__..__..._..___ll L
r .r...__.-_l.._.'.u. R .l..r.l“.-_“ “.-.“.-_“.-_“.-.“.-_“.-_u R T P N U S S SE N T T N S S T B E BE T B e W W RS M NERE B B __.._._.1 .... .._. .... .__. .... .__. .... e e .r1i". e T e eSS -.ﬁ.r e N e 3 o e e
T '
r

-

S R R R R R R R R R R R R R R

dr dr e
—.*—.*—. LI I

................Ih......

*.
'.
E

wnk..r..'.k..r..'.?..'
LT LT,

+

L R R R R R A R A A L L R A A AR AR AR AR AR AN

| ]
L]



US 11,015,476 B2

Y

-,
E
)
?ﬂxﬂp
x?!

> ?E:F!'x'il!'
. l!xﬂxl!
Hxﬂxld

E
]

!

“a
?E:H
HEF!
HHH
P
.

i,
o

X,
.
.
>
x

]
>,
.
H
.

o
xﬂ
X

X
-

X
X

F ]
X
"

-
.
X,
x
>

|
.
]
H
™~

Al
!?l
]

o,
]

>
x?t

u
X

Pl el o e
i i i

F O

P e PO i i o Pt

..i.._n.._i.._i....._.._n.._.._.._.._.._.._.._.._....._.._....._.._.._.._.._.._.._.._.._.._.._nn.r.._..........-..-.l..-..-..-..-..-.
.hnhhnnhnn-n.r...ll.}.l.}.l.l.l.}.

a s s s s s
w a e d dra b

W _dr e dr Ak Ak

Sheet 5 of 11

)

i b
iy ittt Py
i P
AR R

e

’ .H&H...H&Hku...”kn*
e Tar ar iy iy g
w i i i i
T i e e
r o i i i
w T T e i i i i
v e
sl ol
e
)

X

X
)

)

F
Ty

)
NN N

L ]

»

I
u
§

)
»
L

rE X
N
NN
L

L)
-

> ¥
FY
RN )

»
»

»

M)
PN
L)
N N e MR M R N e B M
sty
o
L)
L)
T T

™
[
W e
EY
)
&
e M B e
e B N NN

X
ER )
RN NN M)

»
5

L)
LR R e e R R R R R R N R
L)
.
L]

T
»

»
»

ATy
Y w
[ ]

T
_I-"a-qnqn

»

May 25, 2021

& e e A A b F
& & &k Aok N :

U.S. Patent

o o N

" i e i - A A i i e A

.
»

!'IIH'II e

M e e
L i i i

R,

A
A A A A

WA A A AN K M

>

| l-lnﬂlﬂlﬂnﬂxﬂxﬂxﬂ
MM A M A A

I-IIIHHHHI!\"I'

N

M
A A A A AN N A

Hlﬂnﬂxillxil!
M_M

A
I-I
II:I:H:H:H:H:HEHHHFHF ot
MM M M N

A AN M N N MM

A
A AN K KK

M_F_ A A A M N
AN A A NN NN NN W N

MM A A A KN e

LA .
2 WO ;
L O b}
i v v vk

PR o
N
A & F
:.-..._.._....1 ’ b A .._.._...-..-_

k) .r.-.._.......r.._ wat .r.r.r.....-_.-_""""
M »

P Ak

L]
&
m ek
N !
e MR
St
f ._..-_ Il.-..-..-...r.r.._.._.... .

- r o b A Sk b B
] > . R
gy [ F i P W i de h ko dr ek
P | 1
e M b
.x”xv.x”xv.x”xv. L
.Mnrxrv.nymnv.rn , A oLy
anxnrnxxxumnnnr”xn r A r hy r.v”xr”xnv L]
HxHxnr.xx!xnx!n!xnr.!n!xrﬂrnrr u_”!xﬂv. .4!....._..............1 - - P __.H s
Ll N e e e LA I N ENENE N ol b nl n > L A
e e  a a g P P P P i e T ......_....u....__............._.""l-.lll-_-_l-_ PN
i LR M B e iy i A ke A O e e B B BBl
HHHHHHHH.HHHHH!HHHH.—.I: o & & LJE L i Jdr dp iy II-.I_ ) L
A A g e e e N a a a e ae e e o L W e i e b A A Wk i ] ] - L At L
N N N N N R s e v St e S A " n e r -
o i i S i i i ) L A i
ir i L e i i o ip ip i e & i ik
.___ o r . 1” N N N N N N N PG I N
L) v dp iy e e e e e de b e R A w de R P X * ¥ x X XXX E N RN NN W i
t w dr dr r a dr dpdp e i i r e e i i LR X & N xR N A A M MM N NN N R L W ir i
vy iy i e e e de e p e a de e i w0 Pl x x x x> x X XX xxxmxxxExxxrnrrmDx
L) w iy p iy e dpdp e e e e e e e e e e i . L A oW
L v dp ip i e e b dadp e i i N ENNNTEXrY X rx X XXXTXXE AL EEEE NN d
i w a0 dp g A W dr dp e e e e N r e i i
i % v i e 0 e e b Wiy i e e e RN NE X>E Xy XxE X EXEEEREEEREREREEER TN
i i v iy ey ad dp g wd i r i g IR x E X E X XA X XEREXENXEERRXEN -
v dp Uy i dp e dp e e a W« w e e e iy e LM M N o o W X N R X XXX
B o o N N S N i iy dr b e LI E E RN TSR EA
L Sk 0 0 O 3 3 AC I v by p e i & & dr & ERIEMERELXTYX XX XXX EEXXXXEXXXEXEXRRX
R dr e e e e iy iy iy ir e A e e ] L e e i
L d e b 0 0 0 b ke w I dp e dp e dp i e W LA N a EREXEREXEXRESR AR XEXEEREEEREERNE
P N N EE O N NS EERERERRERNR ERERERERERERERREXSXXREN
- dp a0 dr dp e e ar ey e i e N e e e e e e rx mX XXX RN AR XX
R T N I a0 dr dp i i W LA v o e EREREREREEERRERERRESX
. & & &
r a dr d ur ke P P N DL D o e i L L i N
A N N I 0 dr dr b bk d il Fom r
o ek drodr b b b I l.._quu II
' l"
1
b i
b ] -
- .
B T
'I_u. ° .rt.....-.l
"y - .....H.r.q.
[ ...._.-.._.._.:..._......_..._
] Jr i
ll IIIII_ 3 .-..-_H'.._.........-.
r HH ll"' ¥ _-..r}.....l.
._._ala -_-I-. - ..........
[ 4 ir

o
*x
W

I:I
L ] '4'

-
T

» -
L
o
1 I'l.
"
-"

r

'y
L L i"i' I:lnlll ||
o

AN NN
"'I"'ilr

R onwowr
ok oaoaomroaa
ra s w .

r
= > r = & & Fka

- I. R o




US 11,015,476 B2

Sheet 6 of 11

May 25, 2021

U.S. Patent

Lo B
iy
SANEA

{CIR00
A WE

Sy UHAR JRIORUDD
paads Jojglaush
~ JOUQ0 o 4

17
A TN

e e nli= nlle e ol nlle glle ol alle nle ol alle e ol alle e ale alle e ol alle e ol ol e ale ol e ol gl gl

L .

F P PP FFPFPFEPFPFPRPFRR

Hmw BAIEA [QUQD IR
PaSIq MUCHROSIS

, SAISSAIE eI
ISAS b ¥R
Siunci sy s SPUEARSYO
: : I0f PRUNNAI J0U BiBMpIBY [BUCHDDE-

- Il

. i IBREUXS SBUS UiiA X IENBYUXK

B R NI

N N N N N

A A A

ke l-.#.._......__._..___...__..,
r [ 3

L -
L ! (el dal el ' l.i....l.-.ll.......
Pl [l &
[
o

i
e
A
w
A
w
N
L
| 4T
i e S
L MM L AR
o 1._,.__,.._..1-”_-1 e
o . »
..1- ..v_x . LR X
, w0 L ALY %
gt e RN 0
» Y e A e e e e ot P, DR T
" - P A A R R K f
el el o g ar A R R R R K '
. i N N xR AR
e o N R
» i B T o EmRrE
i o A A N o e e E
e e N O e u
-_m'l-_-r-!-_ o A A A e Y "
el e o A
» XA A
e i e
e O W
e e e o
R o A »
: X xR o N x
, b
s s s B T
> ] o Pl P T e s e gt .
I-.“l-.I-.-_"-.I-.-. : e e R e 'y i gty
ol Sa LI e aTaaaa T  l - A o N
» FN A ol e i i _..:..."-. iy i e T
» -&“l"""“!-_ T A e .._..-".___ N .,_..--_.__..___._q._..._q.___.__..___._q.__.._q.4.__.._q..q.__.._q.4.__.._q..q...._,...q.....q._,....#%hq P NN
» > PNl i e T N I N A i e el e
A B o el e
-.ﬁ-_ --.-_ W AN N s e e e v T e o ey i ot
ol S L e g g Ep gt e N R e
e PN T T . * e
> » ur i A N a a  a a e
I-_I-_l-_-.""-_ “"" X W N AL M LAl N%.___.._
- wr i e S S . e
» -l- » ur Pl Pt e T T Pl
- i T T . . e o T T T T e B
e e I:m e L i raTa T e i P P P T T vt i .-.__“.
-l NN s N ur I . A a k. B wor g e dr W x a . P T S S S LT T e [
o lv. .-...-.....r..........r................r.-..l"n II .r....i A .-..-..-_ P T a I}.##}.##b.}.###liii}.}.l e ¥ - M I N ]
; . ; . o R LT
e X x . roay - N s IO x4 SO
I.-_ Hu__ L CECACH - l..-.l. el - - .;.....l.........-..}............}..-.l.-.l.-.}. A i.._ o e
- . T B oFOEE & r Jodr dr o d dr ko . & K - s . .
-l a n o i il s a = = m om o oEoEEEFFFFOCFOA dp g ol dr e h e . e S
[ ] A = r r & r o | ] % = = r =m r rrrrrarar a2 k .-..'..'-.'..'..'-.'.**l.l L E F 1 rr 1 n &
-l s om om T r o e - ar i dr i dr i o " - P L a a
* Y ororoa r o, N B dr dp dp o dp e dp X P ¥ ek
[ ] L K }-.1l1..”1 |bl l.'-l. " = F F F F F FP F B &1 1 @1 1 -r}-.'.}.b-}..'.}-**.-'.i [ - l.r1-.1T.|
> - .;..11111-.-_ r "ea -“-....l....u_ T L Ty #}.b.}.b.}.##b.}.b.##li}.l. o "5 S,
) X roror & . ol s e o R e e S i e x a . R
" - hqq.ﬁ. a N N N O T . . . rrr e e e a
- - * e s od omok a ' . dp oy dp A dp dr dp ik . v o & PP e o -
» [N MM N e N e e Ba e Tt T T T ' | O A T i R i el » . e e e e drk -
kil n L et MR RO, PR i o e ST ar e i e - - e e e e e
A g Ak ll ll lﬂ .-_l llililllllilll.-_lill l..-. . R -..i. .k T .k .-..l.-_ A . . .-..l.....l. rrroromomor .'.._
et T e . e ; .
T, o ) e N T ) .ﬂi”t....q.___. "ax Ty "
A A Ay it vk ek R » u s
) W wo PRy ol T
e N NN e P S N - x CaTew
I M Ay . PR A .-_."-.._,. Pl
e aE L L E N ML ML ML P - L W
ll.. I I LR e #4;4#4#4;4#4&4;4#4&{%*; ¥ . YT “» " aww
" LA A M LA e A A e e .. ST " X
% O L M e a M iy e - AV
xw WA A A e A A O e h_ P o .
2 LA A s e e e e 'y e o T - a
2 L T i a al al ar aa PR L oo
x AL Ut MLl Nl LA N A NI A . [ ._..“___
i e e e A Ly LA N, * X
" x Nl a g iy K PRl N a T
X ) ___.___._...._....._.._....._.._......._..“............................. o x ) . a PNl
X x 2 X M L > v . o, Ll
X I I T ™ ia v 2 AT P i P
o Nl A T T V. R T ! [
X x-__-I"_q.q..._q.q..._q.q....q.q....q Lo e e ' NN, . B R R R A .
wx T e i i i i e e e > M - I -
X L T T o g e o S - TR EE i -
n X x u LN A e e v el [}
X L T T e - . ar
x A e ##&#}.k&}.&#%&; . *
x w L aa am aataa a al a a a a a .. .
2 I I e g U U S e . -
X A -
x P T i i Yo Y T i o T T Y T g "
w T e ™ oS -
A N I P S A e
= o I N L I e e P e o % e
o I R o P Ep iy e L A
x - H._..”#H...H#HkH.qH...HkH.qH...HkH._,.H.._.H._,.H._,.H.._.%H#H#Hkﬂ#ﬂ#ﬂkﬂ#ﬂ#ﬂkﬂ#ﬂﬂf . . : . ' “. . - e e o e ...”.
L N I Wl a : . ()
O I T I I a a el eal el ey iy a
L e T I e o o o o el e g S e a ta
A R I e el
L I o S
-_.._-__-_.._....._..k_....._.......k_....._.....-"_......._.....-.
S N ot ot et Ml
I a a e iy i
T I I ey W
L et Aol X u
L e A Al g opgrongre -y k.q...iv ur ﬂ"_-.-
L A P o "
L o W e R "
L L e o e o
N R e
) _.._-......_q..........q....___.-v o B e e ey
N A N ot o S e i it .
,w_x L I o I e e e iy e g™ Pl P
LR I o Mt e L, A
I I i et g N NI
2 e L _.....t...tkk...t......-m”... ey
- L A I A e A o o e s e st o W, A A
ey e o iy O .
R I I e e e ] L.....%_-ﬂl”_..r
e T A g i T T T T ar ar s ar i g T T T o e o "
R R e g P pif Y o
N I R e o S e o O N e e T I L e
A e N NN A D N e W
e e e e e g it Pl
el -.__...q..q.,_...q#*k&#&#*k*#&-#k##k##k##&ﬁ”.___ »
Lo T I g e N e e e A
B I R e o M
A A N A o s lm'.,_.k#...k...#k......#in...t )
" ar L Ty i T T T Ty i Wi T T ar Ty .."-.4__.. ._q-"n
Py L R R R e o R ™ S
; e e T e e
O W e o o o e o o o o e e
i i i A L R e ™
N e .4.___.._..__..4....q._._.-..............u_.......u........u_.......u.........h_........._.......h_........u_....h_.h_........._.-"“......*##k##&##&*k&##&*f#ﬁnf# Mo N e
e vy X A T T arar A  aarar - PN e
LA A o a3 e e e e o e e P N
e o W et N M ar T Yy e . RN ]
L ) T e g e i e
; o M e e e e ey e e e A A o R
; W e Vo Vo T T T i e " A B wa a y a I T T e i T T A
e " ! P Ll A A i
R S S L L L L . "X CA L AL A N e x p ae  w X x xx x x x )
I e e N -I-_-_ i ...........-...........................&..ﬂ-_ Pl o e a i 0
I L I I o L I N el ey i i i e X P el
A e T e e e R e T s
x o) o Wi T T T T o e T T A LA NN A e N N
L i i A A i e e T e i e
T L PN e ey _..u_..-_-.k......_...........mu._. NI 0 N
R R R L A U T A A e o ey o o, N e
A L T T T ar T o o e i i i i ” O R ]
e Vlan... PR A A ..._..u_.......k......_...mu-. 2R I A A I
X K xE AR N xa...ﬂx.___ ar o T T Vo T oy e o o T T o T T T T xR AR N
o XK i L R g g ™ ar A e e A T i
N A r.l._,.l“u O A I I A  a a ] A A A R R N N
N AN i.............................................nw_-.".-_ W T T e N A
. i T I I i X oo o T
™ / / rnu-n-._-_.q.,_..,_.u_.#*k#*k#*k#*k;t-l”l”:k#*k#*k#* ™l g % ol
Fy = L I o M e e S L A L A A
/ R N e e g . Paalalalalalb sl a bl
: . L O R I o g e e R g g g dr i e e . e .___._l_._li-. v
T T a e T T T oA T Ty . at r
L I I g gy g wr o T wa "
1___._._.......u_.......u_.......k.q...k.q...k.q.q.-..T.q....q.q....q.q... T 2w
A i i T T T o e ap a T T T T T T Pl oty e . e
Wi i e e e e R e " - Pt I T v
.._..__..-_"-._-_.-_.__..4......_......_......_......._......_......_......._........q.q.......q......q................q................q.q... .__.._..._..._......_......_......_......_. S _..uit.__,..._..__."-.u-_-. W .__..._..__.4_-_._.._-_“___..___.._-_....._..._.“ ettt e
L R R e o w w T e e e e e ek -
I I i N X T L L T el
N e N i ol e e e e e » r
Tl e e e o e e o e o e o T . O ..J'"u-h
e L e 1 L I N W "
i e e e e e e e e e o Y
Mot L R e I I A ool R
o * X'k e e e e e e e e o A
P » o ar o T Iy i T T T T T Ty -
" x L T T i o o e e v el
e x e e T i e e e e e
¥ I T Ty A T T Dol
ar e i T iy e i U T T T AT
ur P Al el
P e e s sl alal el
L O  a aa uaru e
L N
At A Al
Py




US 11,015,476 B2

Sheet 7 of 11

May 25, 2021

U.S. Patent

- "
-_....... I.-.l
P .
e~ £
| ]
.
.. "
ﬂ.— .1..- .1..- .1..- .1..- " J l.-
4 -,
¥ *
r
4 '
T
> )
Yoo
L3 .
" »
'y ....r.
ook
.'.l..._..l..__..l_._.._..__._..-_.
...__.__......
gl ol
bl
.1.I.I1I1

o W
& el -
- aT 1
- [
-_.”n..r-_lv s Tt r.”l.__ r.”.-...__ [y Sale
1._..r-.......
* N ......l.__
- -
+ Ld Ll .
T.l....
oo
LA M
.?.a-.
e vy

r
¥ v
) by
& "
p -
a v
e d
.
, .
w.\ - . .l..-.‘ lh.-_
[ .y r .‘H
L] LJ
-'-..r -+ . 4 .
L] n

art . L q” __." oSl “.- L]
L FRNF R PR S A R N YL T
I » *

- N A 4. 4 2. a.a aa

— g
o ey

.,.II__l-l. .

Hi

- A ...
- - ...-..._..l.-..l.-l_ o ol
i -”.‘ _.b.l.- . h.- 4 .-lh1.1_-. » [

L
A
n ok J.-_
..____.
4
,I
r
__.._-
o
.
n
"-
. .
-
r -_....\
_.____._ ¥,
o _ ¥

* A i s sl sk e e sl sl i
Swmiwenig” . g ST AT AE R
N OOn o
: F H

e e, e, e,

¥

3 -'_.”..l”... i de i i b i
$1 g

ll.-...ll-.l“i__.-.”I

LE E B X & L X J

“r._-.,.,.,..,.,.,..,.,.,..,.

r-. LI e ]

.-.,..l..l...._.-....l.__.-....l.-._.l‘l._..-.i.l LE - L 4
L] d L *
> = ® .

-t.....m._l....l..lqi. un ”-......i..”.._.. -l.l...ﬁ.l”..l.l..nli..l..ﬂ.ﬂ.-w.
] *

L

" .__._._..
L]
% _..,...
b Y "
» . i L
i."n ..pu H "M " .__._..__
E . s L ! H i " b M 'u
3 i g A4 - EREEER M LR
' L | q.' .”.1 H.ll. .F..r . |I|l|l. H.r |[| | J |l..|l. h.-. lll. I{IJ.‘-.‘.I.
PRI A A R

[ ] 3 H .
] ....'l.
-

H-l.-{i:}ﬁ%l

............................................. .."D.-.J__ e e e e e e e e

i At .nn. ~
) . .-.__-..__ RN I [ ]
4 ..!.ﬂ_“.rl—_l.l—_l.l—.l.l—.l..m "
___..-_.._ _-._m._' "
T ]
.__‘.l dn da e .r'-r-_._-_.... H
.-- ll.l.-.l.l....-_.-.l.-_l
i. ", .
m_. - V8L
..-..-.-_ . .
_...-l-
__...-l-
.‘..-.-

-

W N N - r..ql-ﬂ-.li.ln.-ll: ...lr..r.l...f.-.. T T e ey
. B x P N  "a T a_m Iﬁ N
WA

P Wl

a Ta . . ; “u .... - - a “a a . 4 + a . ._.._ n a - - ... T - “.Iii .t.nl.... R
I.ul..ﬂ”'.- n .l“..l .-i.w X l“ll.l'. ; ..-. h.n.lwiﬂ.lt-_-..__.r#“ir.-.-_..l..l.iﬂ._..lil .l.v.r - .lr.l-.lq.l..-_..I..-__r-.-_l.ll.....-_.ll.ti..r-l-.ltl.-.l..l...-..i.l. .-..-. Lf-.l‘"ll..l” e ..l.._ *
¥ ] [] "
‘ ARk pEF kg
LI + & [ - '

L "9Old

.u.lﬂl._ *m

u L ™
o
-.I .rl-. -
iy __.-._.u
L] L] u..- i. L.-.. R
r ] ] . - L
un ..“ L __..." % ____._.
N ”- ”- H. I.-.“_-.“ -." b
- ___" - ___.- - ._..-_.-
et P
- .-..- r .-.II
o
.”._ .-..-.... .-..,.l.-_l. *
e



US 11,015,476 B2

Sheet 8 of 11

May 25, 2021

U.S. Patent

T

. Ll
rersrrrrrrfrrrIAEYEEAYAAEAEAAErAYAAE YA rA A A A A A ArAAE A ALY AErFFYXFE YT YA YT YT YT AT rYIAI YT b rrr T I r YT r YT r YA AT YA A YA AN SN rT r

17 T"TTIOTIOYTIOTIOYTIOYTIOTIOYIOTIOYOYTIOYTIYOYTIOYTIRNIOOYTIOYTORNTYE

[ ]
T T TY O TTYTYTOTIOTITOTIOYTOYTIOYTIYTIOTIOYTIOYTIOTIYIOTIYTIYTITnNOTEF

Sz

P

4 7T 1T 7T 1T 7T T"TIOTIOYTIOTIOYTIOYTIOTIOYTIOYOYTOYTOTY

S

-
-

S33

L

%S )
XBN

s« rrrrrerr¥rorrfrrrrrfryroxrITroraTrs

krrrerrrerr Y r TSI IA A IS A r A A rT A A A A A rAr A Er LT

-

L L B B B B )

T

L4

T A A N A

S L3

A o a x 2 xaaxa w2 rm xaxoa s I R N N N NN reyrereyemr - . x 2 maxa P R F s mwa xoaa
F r F r F r F r F 1—.1—.1—.1T.r—. r ¥ r F & F r F r F r F r F r'F r F r ¥ F rFr Fr r 1] r F * F r F r —.T.r—.1—.1—.1—.1 [ F r F rFr Fr
- . A
. u . » -
- l.r H & .r- -
. . -
» N pE » . A
. . -
. » - » . -
r . . -
- - l.r H. & ¥ F]
- . . -
a » N . » . -
- . . -
. » - . » R A
r . . -
. — - - l.r H & .r- -
. N Lo . . -
Ll.ml.-.-. - r N - . N A a
- U - . . -
- T e a . » - » . -
P NN N . u x . » -
' r F b & b r s s oa e . . - - . & F]
i S A S S . I X . » -
! i r » . -
e » ™ . N =
Y Fore e x s “a ) * N *
Sl A . . . . . .. . -
r ' P e e - ..ITI P r P . -
[ P T A ] - . . m Ea X i e » ' r -
¥ r ¥ tqﬁ‘.tnntnnnnnr.............. . . . PR T R T SO SO R T S SR . . PRI I I T T O T T T T T T T T T T - L
. om r r r b bk b ik N h N 4 & & & & & & & & & & & & & & & & & J & & a2 &k ih i Fh i i - b b b oJr S bbb kb b b b kb b bk b ks s h N h Nk ik kil s s s 2 m s A s s A moa ...-.Jﬁ..‘.ﬂ o
r N Tl - . . e e . P i . . . . X P . . . . . . e . P e .".-.1r e
. . ' r L . a .
. . ol R e .
I r . -
. . i -
' A . T . . .
'
- n T L[] r- +*
-
a . T ' X
r . - r ] » Il
. » \ N [y . -
r . ® ¥ . - » ]
a N N * N --. -
qtbkbtbkbtbkbk.__.r.._.r....r....v.._.t....r.__.r.._..1.__..1.._.-..._._1.__..1.__._1.._..1.._.r....v.._.r._..r.__._1.._..1.._.r.__.r.._.r.__.r.._..1.._.-_.._.._..1.__._1.._.r....r....v.._.r.._.r.__.r.._..1.__.r....v.._.r.__.r.__.r.._.t.._.r“.._.v.._.r.__.r.__._1.._..1.._..1.__..1.._._1.__..1.._kbkbkbkbtbkbb# T R
- . . -
. » - . » R A
r . . -
- - l.r H & .r- -
- . . -
a » N pE » . A
- . . -
. » - » . -
r . . -
a N - H » N a
- . . -
a » N . » . -
- . . -
. » - . » R A
r . . -
a N - H » e -
- . . -
a » N pE » . A
- . . -
. » - » . -
r . . -
a N - H » N a
- . . -
a » N . » . -
- . . -
. » - . » R A
r . . -
a N - H » e -
- . . -
a » N pE » . A
- . . -
. » - » . -
r . . -
a N - H » N a
- . . -
a » N . » . -
- . . -
. » - . » R A
r . . -
a N - H » e -
- . . -
a » N pE » . A
- . . -
. » - » . -
r . . -
a N - H » s a
T .. -
ttttttttt:ttttttttttttttttttttq&ttttttttttttttttttttttttttttt.r.r.-..r.rtt..1..1..1..1..1..1..1..1..1.r.r.r.t..1..1..1..1..1..1..1..1.r..1..1..1..1..1.-_.._..1..1.r.r.r.t..1..1..1..1..1..1..1..1.rttttttttttt..1..1..1..1..1.........1..1..1.rttttttttttt.r..1..1..1..1..1..1..1..1.r.r.r.t..1..1..1..1......1..1..1.rtttttttttttttttttttttttttttlbtttttttttttttttttttttt:&tttttttm
- Pt a. -
. » - . » R A
r . . -
a N - H » e -
- . . -
a » N pE » . A
- . . -
. » - » . -
r . . -
a N - H » N a
- . . -
a » N . » . -
- . . -
. » - . » R A
r . . -
a N - H » e -
. . -
» N pE » . A
. . -
» - » . -
. . -
N - H » N a
. . -
» N . » . -
. . -
» N . N R A
. . -
N - H » e -
. .
» N pE » . ._.l
. .
» - » . A
. .
N - H » N
. . -
» N . » . -
. . -
» - . » R A
. . -
- l.' x & .r- -
. . -
- - .T. & F]
. & L] - -
» - ¥ » . -
. a u x . » -
. - . L A
e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e R e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e B e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e B e e e e e e e e e e e e e e e e e W
r T'.-_?. » ™ . N ..|__.-.l_ =
. Ml - . » N A
r . L u x . » N -
a N - . » e ..-_.l.__.-._. -
- . . . -
a » r . » . s A
r . » ™ . =
. » " » A -
. . . -
- - l.r H. & ¥ F]
- . . -
a » N . » . -
- . . -
. » - . » R A
r . . -
- - l.r H & .r- -
- . . -
a » N pE » . A
- . . -
. » - » . -
r . . -
- - l.r b-. & ¥ F]
" 'y * "a . "
- . L] - -
f » x, N R A
r . . -
- - H & .r- -
- . . -
a » pE » . A
- . . -
. » . - . . -
r . -
a N - l.-..”.-.-.. H .-_.-. N a
- . -
a » r i . . . -
r . » oy ™ N F w1 N =
. » - i . . - I A
- . - [l i - . N -
a N r o - x » . -
" . I oy x . am . » -
4 » r ¥ . . N » A
r . » r oy ™ = . N =
. » - [ W » . -
r a u P x ol " » -
R i R R R R R e R R R R R LN
- . & - - - L] - -
. » - .-_.-__. x, 7 » R A
r . . . -
- - l.r ‘-. x & .r- -
" 'y - iy x "a "
- . & » . L] - -
f » " aa ¥ N . -
- . - . X . N -
a N r Dl » a
- . I - - . » -
a » r Foy - » . -
r . » ™ . N =
. » - S » A
r . u x . » -
- - l.r ¥ & .r- -
- . . -
a » N pE » . A
- . . -
. » - » . -
r . . -
- - l.' b-. & » F]
" . . -
- - - ¥ & - -
r . » X - . N =
f » " P ; N A
r . u - . » -
a N r ot » . -
- . I [ . » -
a » N N » . A
- . . -
. » - » . -
r . . -
- - l.r H. & ¥ F]
- . . -
a » N . » . -
- . . -
f » N . N . A
. . . -
- - l.' H & .r- -
" . . -
4 » r . » A
r . » . ™ . N =
. » - . » . -
r " u - r . »
tttlttltltttlttttllttltllttlt.—.l.—.ll.—tl.v.-..—.—.-.I.—.-.I.—l.—.—.-.l.—.-.l.—.-.l.v.-.l.—.-..—.__.—.-.l.—.-.l.—ll.—.-.l.—.-.l.—.-.l.—.-.l.—.-.l.—.-.l.v.-.l.—.-.__.l.—.-.l.—.-.l.—.-.l.—.-.l.—.-.l.-_.-l_.-.l.—.-.l.—.-.l.—.-.l.—.-.l.—.-.lttlttlttlttlttlttlttlttlttl A A R R T N O N N N I I N N i A R R A T NN N N N O ar S ararh
P r . -
r . » ™ N =
. » - . R A
r . -
- - x .r- -
" . -
- - .T. F]
- . - -
f » ¥ . -
. . -
P . H . .
- . -
» . -
e ™ N =
I . I . a
IS R R A . x » -
L P e o —..-.-.[.-.l.-..__.-_.._.-.....-_.t . N . . e -
P . - - -
A L e e O R o . P
- [ Sl it " ™ lr....!ll.ll.!l_.-l..__l...l...i.l.I.l.l.'.l.l.'a SFCIC N N . ™ e N -
" . I . - . » [
- - - ¥ & - -
- . & L] - -
f » N x, N R A
r . . -
a N - H » e -
- . . -
a » N pE » . A
- . . -
. » - » . -
r . . -
a N - * » N a
" ' - * " R "
- . & L] - -
f » N x, N . A
. . . -
a N - H » 2 -
" . . -
4 » N p » . A
- . . -
. » - » . . -
r a u x " . » -
ktkrtkrtr:krtkktrrtkrrrktkrtkr#”rrtkrtkktkrtkrtrktkrtkrtkrtkr.r.r.r.._.rkrt.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r...l.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.-..r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.—.._.r.r.r.rrtkrtkrtkrtkrtkrtkrtkrtkrimkr#krtkrtkrtkrrkrtkrtkrt:tkrtkrtkh
r . -
r . » ™ . -.}.-.__ =
. » " . » e . A
. . . r -
- - l.' x & .” -
" . . -
a N - * » a
- . & L] - -
f » N ¥ N . -
. .- e - . . . -
A . - .I..__l_ i-. ...I.... l..._ L] . . ..... " "
o . - " . I X . » -
- - 4 .il.‘. |} - Lln- rodp iy iy & r & . F
- § & - e EOFE . » ™ . N =
h.__ - 1 ....IT. ™ A » - . N . .
_ﬂ_ . mpa . . -
. 2" W » - x - . -
- . I X . » -
- - - . & F]
- . & L] - -
f » N ¥ N . -
. . . -
a N - ¥ - N a
" . . -
- - - ¥ & - -
- . & L] - -
- L . » N x, N R A
- . . . . . -
- .lli.ri e e m e e N r r » . -
.-.L-. O S T . » ¥ . » -
n.l". En | el St » r . » A
- P, r . » ™ . N =
_ o A n » - » . -
. - . - i . N -
- - l.' . & » F]
" . . -
a N - r » . -
- . & L] - -
a4 » N x, N . A
. . -
- l.' H & .r- -
. . -
» N p » . A
. . -
» - » . -
draa e e e e e e T T T e e e e T T T T T e T e T T T T T e e e T e T T e e e e e T e T T IH.__ 2 aaa e e e e e e T e T T T e e e e T T T T T e e T e T e T T T T e e T e T T T T e e e e e T T T “.._ 2 a maa s aasaaamsaa s s amaaaaaa H.—.
» N . u . -
. . -
» N . N . A
. . -
a N - T - 2
" . .
a N - * »
- . & L] -
f » N ¥ N .
. . .
a N - ¥ -
. . . . S - .. . I X . » -
ma s = i's . - r . -
¥ m M“-.h.-_.l.-_ - . o L » ¥ N " -
'.? a2 - . A
t.-.lﬂ' o . ._.- - 4 . » ¥ . N -
- - = L] - - - & - -
.-_.__l.u_- W ¥ ok : _l_._ . & x . N -
- - - - . & F]
- . & L] - -
f » N ¥ N . -
. . . -
- - l.' .J-. & » F]
" . . -
a N - r » . -
- . & L] - -
f » N x, N R A
r . . -
- - l.r H & .r- -
- . . -
a » N pE » . A
- . . -
f » N N . -
. . . -
- - l.' .J-. & » F]
" . . -
a N - r » . -
- . & L] - -
f » N x, N . A
. . . -
- - l.' H & .r- -
" . . -
4 » N p » . A
- . . -
. » - » . -
- LR R | & i T 4 -

RILPEI I

Fieat it

T T T T T T T T I T R R R L L R . TN . I T T T T T T T R T R I R R TR R TR N T S SR R BT B I B BT TR B I B | -
o dr A b S b oS M b S W b b b b b W b b b b b b b b b b b b b b b e b b b b e b b b b b b i b b b b b b e b e b b b b b b e b i e i i e b e i i e i i N

A0 pinpusd

L T T T T T IR T T T R T RN R B | LT L T L T B L L T D T I T TS I T R TR |
E N I R T B R R I B K B R B T T R I I BT O B R R B B R B R

BPUS UM ORI

LI TR R T BRI T B U IR SR TN IR TR B TR B
i b A b b b b b b b b b b b b bk i i

N T R T T R T T TR T R DA DR R BT B
dr b b b o S h o S ko ik ki ki ik ik ik ko

RIS R PRSI {00

LI
o
-
"



US 11,015,476 B2

Sheet 9 of 11

May 25, 2021

U.S. Patent

(e ybug) Jeqyy
sinssasd moy 4

L
" &k

- -
[ [
Ll . r
- = .
- om -
r ' =
- ' r
[l [ .
-
=
r
= .
-
[
-
=
]
. ur
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - a - - - - - - - - - - - - - -
R F R FFEFFEFEFFF R EEEFFEFFEFEFFFEEFEEEEFEEFFEFEEFFEFFEEFEFEFEFEEFEEFFEFFEFFEFFEEFEFE SRS FEEFFEFFEFEFEFFEFEEFEE RS FEFFEFFEFEEEFEFE SRS FEEFFEFFEFEFEFFEEFEEFEE RS FEFFEFFEFEEFEF SRS R FFEFFEFFEEFFEFE SRR FEFFEFEFEFEEFE S

I I T I T I T I T I R I T I R I R I TR I R O R R R O R R R R O/ I I R I T I T I T I T I T I TR I T I TR DO O I I I R DR O I O I
L T o L L L, o L

)
. x
LN

) LI B | ) L]
*b*l*b*l

E 1

i
| ]

i'b\'bl'bl'b\'
" % b bk

E

FF FFFFFFFEFFEFEEFEEFEFEFEFEEFEFEEFEFEFEEFEFEEFEFEEFEEFEEFEFEEFEFEFEFEEFEF

FF & & F F FF
« m r
. r

[ I R T T B | . '
PR " & & & & & & & & a2 a & & &

PR T B B R N B B I B O I B I I B |
4 & = & & =2 2 & =2 a2 & & bk = &k [ ] r oo

—  J08S3IGLION 15008

= & . . P P P e e e e .

Ce e P .. P .. . T T T
e n e e s A e e e e a e A e a s e e s a e s s s na A A m o e e s m A a e awaama s A a kA
.. dr odr B b b S b oS a0 b b b b b b b W 0 b b e b b b b W b b b b b b b b b b b b b b 0 e b dr i r s b b kS dr b W b b b b b e b e i N .T.r.T.r.T.r.T.r.T.rb-.T' .
'

Fer e

4 _rr rr rrr b -

i r¥rrrrrrr AT AT A AT TSI A A A A AT A AT AT AN AT A A AT AT AT AT AT AT A AT AT AT A AT A TSI A I AT AT AT AT A A TSI A A A IS AT A AT A A AT A SIS A IS SIS ST r TS T T T T rrAa

'
- & F & & & &R FEF




US 11,015,476 B2

Sheet 10 of 11

May 25, 2021

U.S. Patent

Bs o}

: e
.. - ) t'.l.
~ ' ..-.l.-
] b .. 4 __.-i_-.-.“
. g - -
o i} ...”.-. -
o P ; ".
... . i..-._-
.-..-l-.
. n

e e o v el 5 SR £ ¥ I
§ ._..ﬂ.ﬂ.u..m %w%.m Fasadg FEF N 7

f HE

- ) L
- I'-.-
lllllllllllllllllllll

0L Ol



US 11,015,476 B2

Sheet 11 of 11

May 25, 2021

U.S. Patent

06

L1 "Old

vl
SNIONH

NIO-0g¥NL

v




US 11,015,476 B2

1

ELECTRICAL ENERGY GENERATING
SYSTEM

TECHNICAL FIELD

The present disclosure relates to electrical systems for gas
engine turbine powered vehicles, such as aircratt.

BACKGROUND

A gas turbine engine 1s a type of internal combustion
engine that may be used to power an aircrait, or another
moving vehicle. The turbine 1n a gas turbine engine may be
coupled to a rotating compressor that increases a pressure of
fluid flowing into the turbine. A combustor may add fuel to
the compressed fluid and combust the fuel/fluid combina-
tion. The combusted fluid may enter the turbine, where 1t
expands, causing a shaft to rotate. The rotating shait may
drive a propulsor, and the propulsor may use the energy from
the rotating shaft to provide propulsion for the system.

Gas turbine engine powered vehicles, such as aircraft,
increasingly use electrical systems which may operate to
provide auxiliary functions beyond vehicle propulsion. Elec-
trical systems may be used to replace mechanical, hydraulic,
and pneumatic drive systems 1n gas turbine engine powered
vehicles. Gas turbine engine powered vehicles may include
clectrical energy generating systems to supply power for the
clectrical systems.

SUMMARY

The present disclosure 1s directed to electrical energy
generating system and techmiques that provide electrical
energy to electrical systems of a gas turbine engine power
vehicle. In some examples, the electrical energy generating,
system may 1nclude a turbo-generator having a combustor
that drives rotation of a turbine. Rotation of the turbine
drives a generator, which converts the mechanical energy to
clectrical energy. Rather than employing a dedicated com-
pressor that functions only to compress a fluid that 1s
directed to the combustor of the turbo-generator, the com-
bustor of the turbo-generator may be fluidically coupled to
a bleed air output from a compressor of a gas turbine engine.
The gas turbine engine supplying the compressed bleed air
may be one or more of the engines used primarily for
propulsion of the vehicle, such as an aircraft. While the
turbo-generator may receive bleed air from the compressor
of the gas turbine engine, the combustor of the turbo-
generator may be fueled independently from that of the
combustor of the gas turbine engine. In some examples, the
exhaust from the gas turbine engine of the vehicle may be
fluidically coupled to the exhaust of the turbo-generator.
Coupling without mechanical means allows integration to
existing engines without significant modifications {for
mechanical loading. Improvements 1n power density and
elliciency are possible by proper selection of operating
speeds. In addition, the speeds allow for increases in 1nertia,
driving of pressurization systems, as requested.

In some examples, the present disclosure 1s directed to a
propulsion and electrical generation system comprising a
gas turbine engine including a compressor and a bleed air
outlet from the compressor, wherein the compressor 1is
configured to compress a fluid, wherein a portion of the
compressed tluid 1s directed out of bleed air outlet to define
bleed air from the compressor; and a turbo-generator includ-
ing a combustor, wherein the combustor includes a fuel inlet
and a bleed air inlet, wherein the bleed air inlet 1s 1n fluid
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2

communication with the bleed air outlet from the compres-
sor, wherein the combustor 1s configured to receive the bleed
air via the bleed air 1nlet from the bleed air outlet of the gas
turbine engine and receive fuel via the fuel inlet, wherein the
combustor 1s configured to combust the received fuel with
the received bleed air, and wherein the turbo-generator 1s
configured to generate electrical energy via the combustion
of the fuel by the combustor.

In some examples, the present disclosure 1s directed to a
method comprising compressing a fluid via a compressor of
a gas turbine engine; wherein a portion of the compressed
fluid 1s directed out of a bleed air outlet of the compressor
to define bleed air from the compressor; receiving the bleed
air via a bleed air 1nlet of a combustor of a turbo-generator,
wherein the bleed air inlet of the combustor 1s i fluid
communication with the bleed air outlet of the gas turbine
engine; receiving a fuel via a fuel let of the combustor of
the turbo-generator with the received bleed air; and com-
busting the received tuel with the recerved bleed air with the
combustor of the turbo-generator, wherein the turbo-genera-
tor 1s configured to generate electrical energy via the com-
bustion of the fuel by the combustor.

The details of one or more examples are set forth 1n the
accompanying drawings and the description below. Other
features, objects, and advantages will be apparent from the
description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a conceptual diagram 1llustrating an example
vehicle 1n accordance with an example of the present
disclosure.

FIG. 2 15 a conceptual and schematic diagram illustrating
another example propulsion and electrical energy generation
system 1n accordance with an example of the present dis-
closure.

FIG. 3 1s a flow diagram 1llustrating an example technique
in accordance with an example of the present disclosure.

FIG. 4 1s a conceptual and schematic diagram 1llustrating
another example propulsion and electrical energy generation
system 1n accordance with an example of the present dis-
closure.

FIG. 5 15 a conceptual and schematic diagram illustrating
another example propulsion and electrical energy generation
system 1n accordance with an example of the present dis-
closure.

FIG. 6 1s a conceptual and schematic diagram illustrating
another example propulsion and electrical energy generation
system 1n accordance with an example of the present dis-
closure.

FIG. 7 1s a conceptual diagram illustrating another
example vehicle 1mn accordance with an example of the
present disclosure.

FIG. 8 1s a plot 1illustrating results of modeling of the
performance an example system 1n accordance with an
example of the disclosure.

FIG. 9 1s diagram showing a cycle both with and without
an example boost compressor.

FIG. 10 1s a diagram showing the split of inlet mass flow
between propulsion and generator for an example cycle.

FIG. 11 1s a conceptual and schematic diagram illustrating,
another example propulsion and electrical energy generation
system 1n accordance with an example of the present dis-
closure.

DETAILED DESCRIPTION

The present disclosure 1s directed to electrical energy
generating system and techmiques that provide electrical
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energy to electrical systems of a gas turbine engine powered
vehicle. For ease of description, examples of the disclosure
will be primarily described in the context of aircraft as a gas
turbine engine power vehicle. However, examples of the
disclosure are not limited to aircraft.

Gas turbine engine power aircrait increasingly require
significant amount of additional power beyond that gener-
ated by the one or more gas turbine engines used by the
atrcraft for main propulsion. In some examples, electrical
systems may be used to replace mechanical, hydraulic, and
pneumatic drive systems in gas turbine engine powered
vehicles, while also providing one or more auxiliary func-
tions to the aircrait not directly related to propulsion. Those
clectrical systems may increase the electrical load require-
ments for the vehicle.

In some examples, electrical generators or other auxiliary
power systems may be employed by gas turbine combustion
engine power aircrait to satisty the transient and/or continu-
ous electrical loads associated with the electrical system(s).
However, the addition of such power generating systems
may result in the addition of more volume and weight to the
aircraft than 1s desirable, particularly 1n weight sensitive
atrcraft. Integrating electrical generator systems directly into
gas turbine engines may require significant design integra-
tion work, particularly in the case of retrofitting existing,
aircrait with such electrical generator systems.

In accordance with examples of this disclosure, a vehicle
system including a gas turbine engine for propulsion may
additionally include a turbo-generator configured to gener-
ate electrical energy for the vehicle system (e.g., electrical
systems of the vehicle system that require electrical energy
to operate). Rather than include a compressor dedicated to
supplying compressed fluid to a combustor of the turbo-
generator, the combustor of the turbo-generator may receive
compressed fluid in the form of bleed air from one or more
compressors of the primary propulsion gas turbine engine/
engines. The compressed fluid may be mixed with a fuel
within the combustor and combusted to drive a turbine that
drives a generator that generates electrical energy. In some
examples, the exhaust stream from the turbo-generator may
be fluidically coupled to the exhaust stream from the gas
turbine engine.

The turbo-generator and gas turbine engine may provide
for a parallel combustion system in which the same com-
pressor supplies compressed air to the respective combustors
of the gas turbine engine and turbo-generator of the system.
In some examples, the tuel supplied to the combustor of the
turbo-generator may be controlled independently from the
tuel supplied to the combustor of the gas turbine engine for
operation of the engine. For example, the amount of fuel
supplied to the combustor of the turbo-generator may be
increased or decreased while the amount of fuel supplied to
the combustor of the gas turbine engine may be relatively
constant, and vice versa.

In some examples, systems of this disclosure may provide
a parallel combustion power turbine system. Using bleed air
from a primary compressor of the main propulsion system to
an independently fuelled turbo-generator may provide for
one or more advantages. In some examples, the turbo-
generator may be mounted directly or 1n close proximity to
the gas turbine engine. The bleed air from the compressor of
the gas turbine engine may be directed 1nto the combustor of
the turbo-generator and the exhaust of the turbo-generator
may be tied to the gas turbine engine exhaust. Such a design
may eliminate additional fluid inlets and exhausts, maintains
observable factors, and, provides for a “bolt-on™ approach to
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4

adding one or more turbo-generator to an aircrait system that
does not require mechanical connection to the gas turbine
engine.

In other examples, rather than being “bolted on” or
otherwise attached directly to a gas turbine engine, the
turbo-generator may be fluidically couple to the bleed air
output of the gas turbine engine 1n a relatively remote
location, e.g., in the fuselage of an aircraft. In such an
example, the combustor of the turbo engine may receive
bleed air from multiple gas turbine engines of the vehicle
rather than a single gas turbine engine. In some examples,
this system purposely allows inertia to be adjusted to pro-
vide smoothing of drive load depending on system require-
ments, addition of additional compression stages to improve
output at high altitudes, and, drive of additional cooling
systems 11 required or otherwise desired. In some examples,
systems ol the disclosure provide an independent speed
controlled generator system which can be used on multiple
engine platforms, without changes to the mechanical system
of the engine.

In some examples, systems of the disclosure may allow
for nearly constant speed drive improving generator perior-
mance, and where the generator 1s an add on which does not
require engine re-certification.

In some examples, such an approach allows a commercial
aircrait engine to be coupled with a high-power module
including a turbo-generator without change to the base
engine. Such power generating module including a turbo-
generator may be used to supply the increasing demands of
commercial aircraft. Twin shaft gas turbine engines may
have an advantage as the compressor may be allowed to
speed up to provide the additional compressed fluid tlow for
the turbine-combustor-generator system. The increase 1n the
speed of the compressor of the gas turbine engine to supply
the turbo-generator with bleed air may result in an increase
in thrust generated by the gas turbine engine. The size of
such the turbine-combustor-generator system may be rela-
tively small since 1t does not require a compressor and/or a
starter, and the generator can be sized directly with the turbo
system. In some examples, the system may be used with
single, twin, and quad engine systems, with the output of the
generator systems being tied to a common power bus.

Some examples of the disclosure may relate to miniatur-
ization of generator systems to provide high power for
aircraft systems. In some examples, the system eflectively
uses bleed air from existing engines to an independently
controlled combustor and turbine to drive a generator. This
may provide a means of independent speed control of the
generator & utilizes the work of the primary turbine to drive
the compressor. With this system, the efliciency of the
system may not be compromised. An independent system
may be designed to an optimum or otherwise desired speed
and 1s not limited by the speed of the engine components. An
independent system may also eliminate shaft, gear and
bearing power limits associated with mechanical drive. In
some examples, the system provides a Brayton cycle efli-
ciency and does not require additional aircrait inlets, exhaust
and thermal suppression. The generator speed can be
increased to improve power density.

FIG. 1 1s a conceptual diagram 1llustrating an example
vehicle 1 accordance with an example of the present
disclosure. In the example of FIG. 1, the vehicle includes an
aircraft 10. In other examples, the vehicle may include any
type of gas turbine engine-powered vehicle, including one or
more types of air vehicles; land vehicles, including but not
limited to, tracked and/or wheeled vehicles; marine vehicles,
including but not limited to surface vessels, submarines,
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and/or semi-submersibles; amphibious vehicles; or any
combination of one or more types of air, land, and marine
vehicles. The vehicle may be manned, semiautonomous, or
autonomous.

Aircraft 10 includes a fuselage 12, wings 14, an empen-
nage 16, two gas turbine engines 18A and 18B (collectively,
“gas turbine engines 18”), and two turbo-generators 20A and
20B (collectively “turbo-generators 207°). In other examples,
aircraft 10 may include a single gas turbine engine 18 or a
plurality of propulsion systems 18. As illustrated in FIG. 1,
aircraft 10 1s a twin-engine turbofan aircraft. In some
examples, aircraft 10 may be any fixed-wing aircrait, includ-
ing turbofan aircraft, turbojet aircrait, and turboprop aircratt.
In some examples, aircraft 10 may be a rotary-wing aircratt
or a combination rotary-wing/fixed-wing aircraft. Aircraft
10 may employ any number of wings 14. Empennage 16
may employ a single or multiple tlight control surfaces. Gas
turbine engines 18 may be the main propulsion systems of
aircrait 10.

In accordance with some examples of the disclosure,
turbo-generators 20 may be fluidically coupled to gas tur-
bine engines 18 to receive a compressed fluid 1n the form
bleed air from gas turbine engines 18. As will be described
turther below, the bleed air may be directed from respective
compressor(s) of gas turbine engines 18 to respective com-
bustors of turbo-generators 20, e.g., rather than turbo-gen-
erators 20 each including dedicated compressor configured
to solely supply the respective combustors of turbo-genera-
tors 20 for operation 1n generating electrical energy.

In some examples, turbo-generators 20 may be mounted
directly to gas turbine engines 18. As shown in FIG. 1,
turbo-generator 20A 1s mounted directly to gas turbine
engine 18A and turbo-generator 20B 1s mounted directly to
gas turbine engine 18B. Additionally, or alternatively, one or
more turbo-generators 20 may be tluidically coupled to the
bleed air outlet of gas turbine engines at a remote location
of aircrait 10, e.g., where the one or more turbo-generators
20 are located within fuselage 12 of aircrait 10. While a
single turbo-generator 20A and 20B 1s mounted to each gas
turbine engine 18A and 18B, in other examples, multiple
turbo-generators may be mounted to each individual gas
turbine engine, where each of the multiple turbo-generators
are fluidically coupled to the bleed air outlet of the gas
turbine engine. In other examples, gas turbine engine 18A
may 1nclude one or more turbo-generators 20 fluidically
couple to while gas turbine engine 18B may include no
turbo-generators 20.

FIG. 2 1s a conceptual and schematic diagram 1llustrating,
propulsion and electrical energy generation system 30 in
accordance with an example of the present disclosure.
System 30 includes gas turbine engine 18A and turbo-
generator 20A of FIG. 1. FIG. 2 1s described with regard to
gas turbine engine 18A and turbo-generator 20A of FIG. 1
for ease of description. Such description 1s applicable to gas
turbine engine 18B and turbo-generator 20B of FIG. 1.

Propulsion and electrical energy generation system 30
includes gas turbine engine 18A as a main engine, 1.€., a
main propulsion engine, turbo-generator 20A, and controller
22. Although described herein as with respect to an aircrait
propulsion system, in other examples, gas turbine engine
18A may be a propulsion system for providing propulsive
thrust to any type of gas turbine engine powered vehicle, as
discussed above, or configured to provide power any suit-
able nonvehicle system including gas turbine engine 18A.

Engine 18A 1s a primary propulsion engine that provides
thrust for flight operations of aircrait 10. In some examples,
engine 18A may be a two-spool engine having a high
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pressure (HP) spool and a low pressure (LP) spool. In other
examples, engine 18A may include three or more spools,
¢.g., may include an intermediate pressure (IP) spool and/or
other spools. In some examples, engine 18A 1s a turbofan
engine, where the LP spool 1s operative to drive a propulsor
in the form of a turbofan (fan) system. In other examples,
engine 18 A may not include a LP spool or fan system. In
some examples, engine 18A may include any suitable tur-
bine powered-engine propulsion system, including but not
limited to, a turbojet engine or a turboprop engine.

As 1llustrated in FIG. 2, engine 18A includes compressor
24 (e.g., at least one compressor), combustor 26 (e.g., at
least one combustor), turbine 28 (e.g., at least one turbine),
and propulsor 32 (e.g., at least one propulsor). Combustor 26
1s fluidically disposed between compressor 24 and turbine
28 (e.g., disposed between compressor 24 and turbine 28
such that air or another fluid may flow from compressor 24
to combustor 26 to turbine system 28).

Compressor 24 may be configured to compress fluid, such
as intake air or another gas and selectively provide the
compressed tluid to combustor 26. Although not shown 1n
FIG. 2, compressor 24 may be operably coupled to turbine
28, e.g., by a shaft. Compressor 24 may receive tluid from
an 1ntake, compress the fluid, and distribute compressed
fluid to combustor 26. Compressor 24 may be an axial
compressor, a centrifugal compressor, or another type of
compressor that produces compressed fluid.

In some examples, compressor 24 may include a single
compressor or at least two compressors. For example, com-
pressor 24 may include a low pressure (LP) compressor and
(e.g., Tollowed by) a high pressure (HP) compressor, where
the HP compressor 1s driven by a diflerent shait than that of
the LP compressor. In such cases, the speed of the shaft
driving the HP compressor may be different from that of the
speed of the shait driving the LP compressor.

Combustor 26 1s configured to receive the compressed
fluid from compressor 24 1n addition to fuel from tuel supply
34. Combustor 26 1s further configured to introduce the
received fluid and i1gnite the compressed fluid, thus com-
busting the fuel to generate energy. The energy generated by
igniting the compressed fluid 1 combustor 26 may be
extracted by turbine 28, causing a shaft to which turbine 28
1s coupled to rotate, thereby driving propulsor 32. Combus-
tor 26 may be a single combustor or at least two combustors.
In some examples, combustor 26 includes a combustion
liner (not shown) that encloses a continuous combustion
process. In other examples, combustor 26 may take other
forms, and may be, for example, a wave rotor combustion
system, a rotary valve combustion system, a pulse detona-
tion combustion system, or a slinger combustion system, and
may employ deflagration and/or detonation combustion pro-
CesSses.

Turbine 28 may be fluidically coupled to combustor 26
such that turbine 28 receives moving, combusted fluid from
combustor 26 and converts energy of the moving fluid to
mechanical energy (e.g., via a rotating shait). The rotating
shaft of turbine 28 may drive propulsor 32 to produce
propulsion for system 30 (e.g., used to propel vehicle 10).
Turbine 28 may be a single turbine or at least two turbine,
and may include any suitable type of turbine. Turbine 28
includes an exhaust outlet to expel flud exhaust 36 from
turbine 28 resulting from the combustion of the compressed
flud.

In addition to gas turbine engine 18A, system 30 includes
turbo-generator 20A that 1s configured to generate electrical
energy (e.g., electrical power) for system 30. As will be
described 1n further detail below, the electrical energy gen-
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crated by turbo-generator 20A may be used to supply
clectrical power used to operate, at least in part, one or more
clectrical systems of vehicle 10 that require electrical load to
operate. As shown, turbo-generator 20A includes combustor
38, turbine 40, and generator 42. Combustor 38 and turbine
40 are separate from combustor 26 and turbine 28 of gas
turbine engine 18 A, e.g., in that combustor 38 and turbine 40
are operably coupled to drive generator 42 while combustor
26 and turbine 28 are operably coupled to drive propulsor
32.

Combustor 38 1s configured to receive a compressed tluid
in addition to fuel from fuel supply 48. While fuel supply 48
1s shown as being separate from fuel supply 34 1n FIG. 2, 1n
other examples, combustor 38 may be supplied with tuel
from the same source as combustor 26. Regardless of
whether or not the fuel supplies are separate or the same for
combustor 38 and combustor 26, 1n some examples, the fuel
may be supplied (e.g., the amount supplied) to combustor 38
independently from that of combustor 26, ¢.g., under the
control of controller 22.

Rather than including a separate compressor dedicated to
providing compressed fluid to combustor 38, turbo-genera-
tor 20A 1s configured to receive compressed fluid from
compressor 24 of engine 18A, in the form of bleed air from
compressor 24. As shown 1 FIG. 2, compressor 24 includes
a bleed air outlet through which bleed air 44 1s directed to
combustor 38. The fluud compressed by compressor 24
defines the bleed air exiting compressor via the bleed air
outlet. Bleed air valve 46 1s located between compressor 24
and combustor 38 and may be actuated or otherwise oper-
ated by controller 22 to control the amount of bleed air 44
(c.g., flow rate) supplied to combustor 38. Combustor 38
may be configured such that bleed air 44 1s the only
compressed fluid recerved during operation of turbo-genera-
tor 20A, e.g., without receiving another compressed fluid in
addition to the bleed air during operation combustor 38.
Combustor 38 may receive bleed air 44 without bleed air 44,
e.g., being compressed by another compressor after leaving
compressor 24 of gas turbine engine 18A, being expanded
by an expander, and/or acted on by another mechanism that
modifies the compression of bleed air 44.

In some examples, by supplying combustor 38 with
compressed fluid 1n the form of bleed air from compressor
24 of gas turbine engine 18A, turbo-generator 20A may be
combined with or otherwise incorporated (e.g., retrofit) with
gas turbine engine 18A without adding weight and/or vol-
ume resulting from an additional compressor(s) to the
weight and/volume of gas turbine engine 18A. For example,
turbo-generator 20A may not include a separate compressor
shaft that would otherwise be required to provide com-
pressed fluid to combustor 38 to operate turbo-generator
18A to generate electrical energy.

Combustor 38 1s configured to introduce the receirved
compressed fluid in the form of bleed air 44 and 1gnite the
fuel with the compressed flud to generate energy. The
ignition of the fuel combusts the fuel. The energy generated
by 1gniting the compressed fluid in combustor 38 may be
extracted by turbine 40, causing a shaft to which turbine 28
1s coupled to rotate. Combustor 38 may be a single com-
bustor or at least two combustors. In some examples,
combustor 38 1ncludes a combustion liner (not shown) that
encloses a continuous combustion process. In other
examples, combustor 38 may take other forms, and may be,
for example, a wave rotor combustion system, a rotary valve
combustion system, a pulse detonation combustion system,
or a slinger combustion system, and may employ detlagra-
tion and/or detonation combustion processes.

10

15

20

25

30

35

40

45

50

55

60

65

8

Turbine 40 may be fluidically coupled to combustor 38
such that turbine 40 recerves moving, combusted fluid from
combustor 38 and converts energy of the moving fluid to
mechanical energy (e.g., via a rotating shaft). Generator 42
may then convert the mechanical energy of the rotating shaft
to electrical energy. For example, the rotating shait of
turbine 40 may rotate an electromagnetic rotor (also referred
to as an armature 1n some examples) of generator 42 relative
to a stator (not shown) that defines a stationary magnetic
field to generate electrical current through electromagnetic
induction. Turbine 40 may be a single turbine or at least two
turbine, and may include any suitable type of turbine.

Generator 42 may be any suitable type of electrical
generator configured to generate electrical current from the
rotation of the shaft driven by turbine 40. For example, field
wound, permanent magnet, reluctance generators which
have high speed capability may be employed in some
examples of the system, with detailed selection depending
on system requirements. The electrical energy generated by
generator 42 may be used to provide operational power to
one or more electrically operated systems of vehicle 10. In
some examples, generator 42 may be configured to generate
continuous aircrait or transient system power also defined by
the desired end user application. Example electrical systems
that may be powered by generator 42 include hydraulic
and/or pneumatic drive systems, environmental control sys-
tems, communications systems, directed energy systems,
radar systems and component cooling systems. Transient
loaded systems may require adjustment to the rotating
inertia. This may provide another variable available to a
system designer for system optimization or adjustment with
designs in accordance with some examples of the disclosure.

Turbine 40 includes an exhaust outlet to expel fluid
exhaust 50 from turbine 40 resulting from the combustion of
the compressed fluid. In the example of FIG. 2, exhaust 50

from turbine 40 1s fluidically coupled to exhaust 36 from
turbine 28 to form combined turbine exhaust flow 32. For
example, a fluid flow conduit defining the tlow of exhaust 36
from turbine 28 may be fluidically coupled to another tluid
flow conduit defining the flow of exhaust 50 from turbine 40
to a single fluid flow conduit defining combined turbine
exhaust 52. In this manner, turbo-generator 20A may not
require significant additional exhaust flow conduits beyond
that already provided by gas turbine engine 18A. Accord-
ingly, turbo-generator 20A may be easily combined with or
otherwise incorporated (e.g., retrofit) with gas turbine
engine 18 A without adding significant weight and/or volume
to the weight and/volume of gas turbine engine 18A. In other
examples, exhaust 30 and exhaust 36 may not be combined
with each other into single exhaust stream 52.

As described above, propulsion and electrical energy
generation system 30 includes controller 22. Controller 22
may include control circuitry that implements control of
system 30. Controller 22 may be configured to individually
and selectively control the components of system 30 such
that system 30 implements the techniques described herein.
Controller 22 may comprise any suitable arrangement of
hardware, software, firmware, or any combination thereof,
to perform the techniques attributed to controller 22 herein.
Examples of controller 22 include any of one or more
microprocessors, digital signal processors (DSPs), applica-
tion specific integrated circuits (ASICs), field programmable
gate arrays (FPGAs), processing circuitry, or any other
equivalent integrated or discrete logic circuitry, as well as
any combinations of such components. When controller 22
includes software or firmware, controller 22 further includes
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any necessary hardware for storing and executing the sofit-
ware or firmware, such as one or more processors or
processing units.

In general, a processing unit may include one or more
microprocessors, DSPs, ASICs, FPGAs, or any other
equivalent integrated or discrete logic circuitry, as well as
any combinations of such components. Although not shown
in FI1G. 2, controller 22 may include a memory configured to
store data. The memory may include any volatile or non-
volatile media, such as a random access memory (RAM),
read only memory (ROM), non-volatile RAM (NVRAM),
clectrically erasable programmable ROM (EEPROM), flash
memory, and the like. In some examples, the memory may
be external to controller 22 (e.g., may be external to a
package 1n which controller 22 1s housed).

Although controller 22 1s generally described as being the
primary umt for controlling each of the components of
system 30 for performing the techniques described herein, 1n
some examples, the mdividual components of system 30
may 1nclude additional functionality for performing some or
all of the operations described below with respect to con-
troller 22. For example, a combination of one or more of
compressor 24, combustors 26 and 38, turbines 28 and 40,
propulsor 32, and generator 42 may include components for
controlling the consumption, generation, and distribution of
energy throughout system 30 and aircrait 10.

FIG. 3 1s a flow diagram illustrating an example technique
for generating electrical energy using a turbo-generator that
receive bleed air from the compressor of a gas turbine
engine. For ease of description, the example technique of
FIG. 3 1s described with respect to system 30 of FIG. 2,
although any suitable system may implement the example
technique of FIG. 3.

As shown 1n FIG. 3, controller 22 controls compressor 24
of gas turbine engine 18A to compress an intake flud, e.g.,
during operation of gas turbine engine 18A to generate
propulsion (56). Controller 22 may then control bleed air
control valve 46 to supply combustor 38 of turbo-generator
20A with a portion of the compressed fluid from compressor
24 1n the form of bleed air 44 (58). For example, controller
22 may control bleed air control valve 46 such that a portion
of the tfluid compressed by compressor 24 1s received by
combustor 38 with another portion being directed to com-
bustor 26 of gas turbine engine. Not all of the compressed
fluid from compressor 24 may be supplied to combustor 38
as work 1s required for the compression. In some examples,
the highest mass flow split would be about 4 of the
compressed fluid being supplied to the combustor 38, which
may transition all propulsion to generation.

In some examples, the pressure of bleed air 44 from
compressor 24 depends on tlight and aircrait variables such
as altitude, ascending/descending tlight, weight, wing area,
and the like. In some examples, for extreme altitude appli-
cations, additional compressions stage(s) may be added to
supplement engine compression. FIG. 9 1s a plot showing a
cycle both with an example “boost” compressor and with-
out. Pressure may vary about 15 psi to about 450 ps1 without
supplement. Mass flow M must be conserved. Power may be
a “map” between propulsion and generation.

In examples 1n which compressor 24 includes a HP stage
and LP stage, bleed air 44 may be supplied from the LP
stage, HP stage, or both. As noted above, supplying com-
bustor 38 with bleed air 44 from compressor 24 may cause
compressor 24 to speed up, thus resulting 1n an increase 1n
thrust generated by gas turbine engine 18A. In general, i
compressor 24 include multiple stages, bleed air 44 may be
supplied from one, more than one, or all of the stages.
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Controller 22 may also control fuel supply 48 to supply
fuel to combustor 38 of turbo-generator 20A and control fuel
supply 34 to supply fuel to combustor 26 of gas turbine
engine 18A. Controller 22 may control combustor 38 to
ignite and combust the fuel with bleed air 44 recerved from
compressor 24 (60). The 1gnition and combustion of the fuel
with bleed air 44 may cause turbine 40 and generator 42 to
generate electrical energy as described above. Similarly,
controller 22 may control combustor 26 to 1gnite and com-
bust the fuel with compressed fluid from compressor 24. The
ignition and combustion of the fuel with the compressed
fluid may cause turbine 28 and propulsor 32 to generate
propulsion for vehicle 10 as described above.

In some examples, controller 22 may operate system 30
such that combustor 26 and combustor 38 combust with
cach other 1n parallel, e.g., as the two combustors are
combusting at the same time and driving different turbines.
The 1nlet mass flow of compressor 24 may be split between
propulsion and generator as required to adjust output power
of each. FIG. 10 1s a diagram showing the split of inlet mass
flow between propulsion and generator for an example
cycle.

During operation of engine 18 A and turbo-generator 20A,
controller 22 may adjust the amount of compressed fluid
supplied to combustor 26 and combustor 38, e.g., by adjust-
ing bleed air control valve 46. For example, controller 22
may increase or decrease the amount of compressed fluid
received by combustor 38 by opening or closing, respec-
tively, valve 46 to increase or decrease the amount of bleed
air 44 supplied from compressor 24. In some examples,
there may be a maximum amount of bleed air 44 that may
be supplied from compressor 24 to combustor 38 without
significantly or undesirably impacting the amount of pro-
pulsion generated by engine 18A. In such examples, con-
troller 22 may be configured to control valve 46 such that the
amount of bleed air 44 supplied to combustor 38 1s at or
below that maximum threshold so as to prevent significantly
or undesirably impacting the performance of gas turbine
engine 18A. In some examples, bleed air 44 may be about
30% or less of all the compressed tluid flow generated by
compressor 24, such as, e.g., from about 1.5% to about 10%.
Other values are contemplated.

Controller 22 may be configured to independently control
the amount of fuel supplied to combustor 38 by fuel supply
48 relative to the amount of fuel supplied to combustor 26
by fuel supply 34 depending on thght conditions and elec-
trical loads. For example, while the combustion and power
generation process of turbo engine 20A may be dependent to
some extent on the operation of gas turbine engine 18A,
controller 22 may be configured to increase or decrease the
amount of fuel supplied to combustor 38 by fuel supply 48
without necessarily making an adjustment to the amount of
tuel supplied to combustor 26 by fuel supply 34. In some
examples, controller 22 may increase the amount of fuel
supplied to combustor 38 by fuel supply 48 without chang-
ing the amount of fuel supplied to combustor 26 by fuel
supply 34, or vice versa. Similarly, controller 22 may
decrease the amount of fuel supplied to combustor 38 by fuel
supply 48 without changing the amount of fuel supplied to
combustor 26 by fuel supply 34, or vice versa.

As described above, generator 42 1s configured to gener-
ate electrical energy during operation of turbo-generator
20A using bleed air from compressor 24 of gas turbine
engine 18A. Controller 22 may control generator to generate
a desired amount of electrical power, e.g., to accommodate
transient or static loads of one or more electrical systems of
aircraft 10. In some examples, generator 42 may be config-
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ured to generate about 10% of engine horsepower (HP) or
less, such as, about 5 to about 10% of engine horsepower.
Other values are contemplated.

FIG. 4 1s a conceptual and schematic diagram 1llustrating,
an example propulsion and electrical energy generation
system 60. In some examples, system 60 of FIG. 4 repre-
sents one example implementation of the example system of
FIG. 2. For ease of description, features that are the same or
similar to that of system 30 are numbered similarly.

As shown, system 60 includes gas turbine engine 18A,
turbo-generator 20A, electronic control module 22A, and
turbo-generator fuel control module 22B. Bleed air 44 may
be directed from one or more compressors (not labeled) of
gas turbine engine to supply compressed tluid to combustor
38 of turbo-generator 20A. FElectronic control module 22A
may control the amount of bleed air 44 supplied to com-
bustor 38 by controlling bleed air control valve 46. Fuel may
also be supplied to combustor 38 by fuel supply 48 under the
control of turbo-generator fuel control module 22B.

Combustor 38 may 1gnite and combust the received fuel
with bleed air 44, which drives turbine 40. The rotation of
turbine 40 drive generator 42 which generates electrical
energy from turbine 40. Electronic control module 22A also
controls the operation of generator 42. For example, control
module 22A may control the bleed air distribution valve. In
some examples, control module 22A may control the field
control of a field wound generator. Control module 22A may
communicate with an inverter of a permanent magnet gen-
crator. Exhaust 50 from turbo-generator 20A may be com-
bined with the exhaust from gas turbine engine 1nto a single
exhaust flow 36 from system 60. In this manner, no addi-
tional exhaust conduits out of gas turbine engine 18A are
required for turbo-generator 20A.

In some examples, a parallel turbine approach may be
used to provide a power ofltake, depending on altitude.
Increasing the HP speed may further increase offtake. Inte-
grated generators may be speed limited by the shait com-
ponents.

FIG. 5 1s a conceptual and schematic diagram 1llustrating,
another example propulsion and electrical energy generation
system 70 1n accordance with an example of the present
disclosure. In some examples, system 70 of FIG. § repre-
sents one example implementation of the example system 30
of FIG. 2. For ease of description, features that are the same
or similar to that of system 30 are numbered similarly.

As shown, system 70 includes gas turbine engine genera-
tor 18 A, first turbo-generator 20A and second turbo-genera-
tor 20C. The drive 1s not restricted to generators and could
drive cooling systems or other devices. Each turbo-generator
20A and 20C may receive bleed air from a compressor of gas
turbine engine 18A. For example, FIG. 3 1llustrates bleed air
44 (described as tlow regulated compressor out supply)
being supplied to combustor 38 of turbo-generator 20A.
Controller 22 1s configured to control the operation of
turbo-generator 20A, e.g., as described above with regard to
system 30 of FIG. 2. Turbo-generator 20A 1s mounted
directly to gas turbine engine 18A (e.g., on mounting fea-
tures provided or added to the engine section behind the
compressor as shown). System 70 also includes second
turbo-generator 20C that 1s similarly mounted to gas turbine
engine 18A, and function similar to that of first turbo-
generator 20A using bleed air supplied from a compressor of
gas turbine engine 18A. Many systems also require high
level of cooling which can be driven from one or both of
these systems. This also may be configured to provide some
level of redundancy for important or critical systems.
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In some examples, system 70 may be described as fully
integrated dual high speed fueled take off mounting pads.
Such a configuration may provide a drive system for a high
power generator 20A, e.g., up to 24000 rpm. In addition, the
second pad (e.g., generator 20C) can drive an air cycle
cooling system to increase air density at high altitudes. In
some examples, system 70 may be able to produce high
engine power extraction without shait loading. In some
examples, generator 20A and/or 20C allow for high speed
generation and nearly constant speeds by fuel control. The
parallel LP system may not not aflect surge margin by
loading the HP shait. Additionally, as described herein,
generators 20A and 20C may be added without any addi-
tional intake or exhaust ducts required. The air frame
observables may not require modification and the engine
propulsion system may be separate mechanically.

FIG. 6 1s a conceptual and schematic diagram illustrating
another example propulsion and electrical energy generation
system 80 1n accordance with an example of the present
disclosure. In some examples, system 80 of FIG. 6 repre-
sents one example implementation of the example system 30
of FIG. 2. For ease of description, features that are the same
or similar to that of system 30 are numbered similarly.

In some examples, system 80 may be integrated engine
mounted system. Generator 20 may be mounted to the
engine 18 to provide the power ofl-take without mechanical
means. This may provide an approach which maintains the
aircrait acrodynamics and observables, providing a parallel
power turbine propulsion system. In some examples, system
80 may also provide an RAM turbine in event of an engine
stall, or, 1n supersonic aircrait the ilet could be switched to
ram air 1 the speed i1s suflicient.

As shown 1n FIG. 6, the turbine engine 18 can be an axial
or radial type turbine, and the generator 20 can be near the
front of the engine 18. In this example, bypass of the
compressor may be allowed 1n high speed aircrait where ram
inlet 49 provides sutlicient mass flow and pressure. The inlet
may be connected to the engine inlet which has been reduced
to a subsonic flow regime. FIG. 11 1s a conceptual schematic
diagram 1llustrating a system 90 including a bypass of the
compressor of engine 18A. As high speed, a shock break on
an aircrait reduces the flow relative to engine 18A so that 1t
1s subsonic to the inlet. For example, nose 92 may be
configured to create shocks specific to speed to ensure that
it slows the inlet to subsonic efferently. The inlet 1s at high
pressure due to ram compression. At a high enough speed
(e.g., high enough Mach), compressed bleed air 44 from
compressor 24 may not be needed so system 90 may include
bypass valve 94 to the area ol high pressure to supply
combustor 38 with high pressure fluid rather than (or in
addition to) bleed air 44 from compressor 24. The intake to
the valve 1s the same intake air at the front of engine 18A
(e.g., 1nside the nacelle).

FIG. 7 1s a conceptual diagram 1illustrating an example
vehicle 1n accordance with an example of the present
disclosure. The vehicle include aircratt 90 which may be the
same or substantially similar to that of aircrait 10 in FIG. 1.
However, unlike that of aircraft 10, aircraft 90 includes
turbo-generator remotely mounted in fuselage 12 of aircraft
90 rather than turbo-generators 20A and 20B directly
mounted on gas turbine engines 18A and 18B, respectively.
Turbo-generator 20 may be the same or substantially similar
to that of turbo-generator 18 A described with regard to FIG.
2. However, turbo-generator 20 1s configured with a com-
bustor (not shown 1n FIG. 7) that recerves bleed air 44 A and
448 from the compressors of gas turbine engines 18A and
18B, respectively. As described herein, turbo-generator 20 1s
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configured to generate electrical energy using bleed air 44A
and 44B supplied to the combustor, e.g., rather than rece1v-
ing compressed fluid from a separate compressor dedicated
to supplying the combustor with compressed fluid. While
aircraft 90 1s shown 1 FIG. 7 as including only a single
turbo-generator 20, 1n other examples, fuselage 12 may
include multiple turbo-generators, e.g., including two turbo-
generators each being supplied individually from bleed air
44 A or 44B, or with a combination of bleed air 44 A and 44B.

In some examples, engines 18A and 18B have significant
mass flow compared to the mass tlow required to provide
generator combustion. This may allow a single generator 20
of high speed to operate, e.g., in an auxiliary bay. In such an
example, only exhaust ducting may be required to add
turbo-generator 20, with intake 1s still thru the primary
engines 18A and 18B. The exhaust could be a “dual”
configuration and tied 1nto the engine exhaust on each side.
Such a configuration may allow generator 20 to be retrofit
while maintaining inlets and exhausts, observables, without
aircraft modification. Such a system may be used in ground
vehicles using turbine engines. This would provide a means
of high power generation on these vehicles for electrical
systems with relatively high electrical energy operating
requirements.

Example

Modeling of the performance of an example system
including a gas turbine engine and turbo-generator 1n accor-
dance with some examples of the disclosure was performed
to evaluate one or more aspects of the disclosure. In par-
ticular, a system in which the combustor of the turbo-
generator was configured to recerved compressed fluid 1n the
form of bleed air from the compressor of the gas turbine
engine ol an aircraft was modeled. The power extraction for
this 1s analysis was a simple Brayton cycle operating at
constant speed. Losses were not considered 1n the cycle.

FIG. 8 15 a plot illustrating power (HP %) versus altitude
(as a percentage of maximum) versus bleed extraction
percent (the amount of the flud compressed by the com-
pressor that i1s directed to the combustor of the turbo-
generator). Power was plotted for the engine and turbo-gen
versus a typical altitude profile. The bleed air supply
Increases as necessary, and at about 24 maximum generated
power may begin to reduce. This may be extended with
addition of a compression stage. For the purpose of the
modeling, a maximum amount of bleed air extraction was
defined, which 1s shown 1n the plot of FIG. 7.

As shown 1n FIG. 8, the results show the modeled system
to be nearly 10% of engine power, well exceeding that of
mechanical systems which have been integrated. In some
examples, mechanical systems are restricted by shait and
bearing systems, available space, changes to the engine, and
air crait mounting a center of gravity. This system minimizes
integration complexities and achieves high power.

Various examples have been described. These and other
examples are within the scope of the following claims.

What 1s claimed 1s:
1. A propulsion and electrical generation system compris-
ng:
a gas turbine engine including a first turbine, a first
combustor, a compressor and a bleed air outlet from the
compressor, wherein the compressor 1s configured to

compress a fluid, wherein a portion of the compressed
fluid 1s directed out of the bleed air outlet to define a

bleed air from the compressor and another portion of
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the compressed tluid 1s directed to the first combustor,
wherein the first combustor 1s configured to drive the
first turbine; and

a turbo-generator including a second combustor and a

second turbine separate from the first turbine, wherein
the second combustor includes a fuel inlet and a bleed
air inlet, wherein the bleed air inlet 1s 1n fluid commu-
nication with the bleed air outlet from the compressor,
wherein the second combustor 1s configured to receive
the bleed air via the bleed air inlet from the bleed air
outlet of the gas turbine engine and receive fuel via the
fuel mlet, wherein the second combustor 1s configured
to combust the received fuel with the recerved bleed air
to drive the second turbine, wherein the turbo-generator
1s configured to generate electrical energy via the
second turbine driven by the combustion of the fuel by
the second combustor, and wherein the second com-
bustor of the turbo-generator does not receive a com-
pressed fluid from another compressor separate from
the compressor of the gas turbine engine.

2. The system of claim 1, wherein the gas turbine engine
includes a first exhaust outlet for the first turbine and the first
combustor and the turbo-generator includes a second
exhaust outlet for the second turbine and the second com-
bustor, wherein the first exhaust outlet and second exhaust
outlet are fluidically coupled such that the first exhaust outlet
and second exhaust outlet are combined 1nto a single exhaust
outlet.

3. The system of claim 2, wherein a controller 1s config-
ured to adjust the amount of bleed air received by the second
combustor of the turbo-generator via the bleed air control
valve based on a desired amount of power to be generated
by the turbo-generator.

4. The system of claim 1, further comprising:

a first fuel supply source configured to supply fuel to the

first combustor of the gas turbine engine, and

a second fuel supply source that 1s separate from the first

fuel supply source configured to supply fuel to the
second combustor of the turbo-generator, wherein the
first Tuel supply source 1s configured to supply the fuel
to the first combustor of the gas turbine engine inde-
pendent from the second fuel supplied to the second
combustor of the turbo-generator by the second fuel
supply source.

5. The system of claim 1, wherein the bleed air 1s received
by the second combustor of the turbo-generator from the
compressor of the gas turbine engine without being com-
pressed by another compressor after exiting the bleed air
outlet of the compressor of the gas turbine engine.

6. The system of claim 1, wherein the compressor of the
gas turbine engine supplies pressure from a high pressure
stage of the compressor section.

7. The system of claim 1, wherein a total power of the gas
turbine engine increases as a result of the bleed air recerved
by the second combustor of the turbo-generator.

8. The system of claim 1, wherein the turbo-generator 1s
mounted on the gas turbine engine.

9. The system of claim 1, further comprising a vehicle,
wherein the gas turbine engine 1s configured to provide
propulsion to the vehicle.

10. The system of claim 9, wherein the vehicle comprises
an aircrait.

11. The system of claim 1, further comprising a controller
configured to control a tflow of the fuel and the bleed air to
the second combustor of the turbo-generator.




US 11,015,476 B2

15

12. The system of claim 1, further comprising;

a bleed air control valve between the bleed air outlet and

the bleed air inlet; and

a controller including a control circuitry, wherein the

controller 1s configured to adjust the bleed air control
valve to adjust an amount of the bleed air received by
the combustor of the turbo-generator.

13. The system of claim 1, wherein the first turbine 1s
driven by combustion of the first combustor and not by the
combustion of the second combustor.

14. A method comprising:

compressing a fluid via a compressor of a gas turbine

engine, the gas turbine engine 1including a first turbine,
a lirst combustor, and the compressor, wherein a por-

tion of the compressed fluid 1s directed out of a bleed
air outlet of the compressor to define a bleed air from
the compressor and another portion of the compressed
fluid 1s directed to the first combustor, wherein the first
combustor 1s configured to drive the first turbine;

receiving the bleed air via a bleed air inlet of a second
combustor of a turbo-generator, the turbo-generator
including the second combustor and a second turbine,
wherein the second turbine 1s separate from the first
turbine, wherein the bleed air inlet of the second
combustor 1s 1n fluid communication with the bleed air
outlet of the gas turbine engine;
receiving a fuel via a fuel inlet of the second combustor
of the turbo-generator with the received bleed air; and

combusting the received fuel with the received bleed air
with the second combustor of the turbo-generator,
wherein the turbo-generator 1s configured to generate
clectrical energy via the second turbine driven by the
combustion of the fuel by the second combustor,
wherein the second combustor of the turbo-generator
does not receive a compressed fluid from another
compressor separate from the compressor of the gas
turbine engine.

15. The method of claim 14, wherein the gas turbine
engine includes a first exhaust outlet for the first turbine and
the first combustor and the turbo-generator includes a sec-
ond exhaust outlet for the second turbine and the second
combustor, wherein the first exhaust outlet and second
exhaust outlet are fluidically coupled such that the first
exhaust outlet and second exhaust outlet are combined mto
a single exhaust outlet.

16. The method of claim 14, further comprising adjusting,
via a controller including a control circuitry, a bleed air
control valve between the bleed air outlet and the bleed air
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inlet to adjust an amount of the bleed air recerved by the
second combustor of the turbo-generator.

17. The method of claim 14, further comprising:

supplying fuel to the first combustor of the gas turbine

engine from a first fuel supply source, and

supplying fuel to the combustor of the turbo-generator

from a second fuel supply source that 1s separate from
the first fuel supply source.

18. The method of claim 14, further comprising generat-
ing propulsion to a vehicle via the gas turbine engine.

19. The method of claim 14, further comprising at least
one of receiving or switching to a lower stage compression
including an inlet when ram compression 1s viable.

20. A propulsion and electrical generation system com-

prising;:

a gas turbine engine including a first turbine, a first
combustor, a compressor and a bleed air outlet from the
compressor, wherein the compressor 1s configured to
compress a fluid, wherein a portion of the compressed
fluid 1s directed out of the bleed air outlet to define a
bleed air from the compressor and another portion of
the compressed fluid 1s directed to the first combustor,
wherein the first combustor 1s configured to drive the
first turbine; and

a turbo-generator mcluding a second combustor and a
second turbine separate from the first turbine, wherein
the second combustor includes a fuel inlet and a bleed
air inlet, wherein the bleed air inlet 1s 1n fluid commu-
nication with the bleed air outlet from the compressor,
wherein the second combustor 1s configured to receive
the bleed air via the bleed air inlet from the bleed air
outlet of the gas turbine engine and receive fuel via the
fuel inlet, wherein the second combustor 1s configured
to combust the received fuel with the received bleed air
to drive the second turbine, wherein the turbo-generator
1s configured to generate electrical energy via the
second turbine driven by the combustion of the fuel by
the second combustor;

a first fuel supply source configured to supply fuel to the
first combustor of the gas turbine engine, and

a second fuel supply source that 1s separate from the first
fuel supply source configured to supply fuel to the
second combustor of the turbo-generator, wherein the
first Tuel supply source 1s configured to supply the fuel
to the first combustor of the gas turbine engine inde-
pendent from the second fuel supplied to the second
combustor of the turbo-generator by the second fuel
supply source.
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